A temperature-sensitive mutant of vesicular stomatitis virus (VSV), tsG31-KS5 VSV, intracerebrally inoculated into BALB/c (+/+) or Swiss outbred mice yielded a clinically asymptomatic persistent infection of the central nervous system (CNS). BALB/c nude (nu/nu) mice infected with tsG31-KS5 VSV, however, all perished within 26 days of infection. All the nude mice were afflicted with a slowly progressing CNS disorder, with symptoms including lethargy, curvature of the spine, hind-limb paralysis and other neurological disorders, before they succumbed to the infection. Wild-type (wt) VSV infection of either normal or nude mice, on the other hand, invoked a rapidly lethal disease with all animals dying within 4 days of infection. When nude mice were reconstituted with 5 x 106 syngeneic T lymphocyte-enriched splenocytes, over 70% of them not only survived the tsG31-KS5 VSV infection but appeared to be free of any neurological disorders. Only 20 % of these reconstituted mice infected for 20 days with tsG31-KS5 VSV endured a wt VSV challenge. In contrast, BALB/c (+/+) mice infected for 20 days with tsG31-KS5 VSV all survived a wt VSVchallenge. Reconstitution of nude mice with 5 x 106 T lymphocytes did not elicit a vigorous secondary humoral antibody response against VSV. All the animals reconstituted with 5 x 107 T lymphocytes and infected with tsG31-KS5 VSV, however, had both late and early humoral responses that equalled antibody responses of BALB/c (+/+) mice. Reconstitution with either 5 x 106 or 5 x 107 T lymphocytes afforded the nude mice equivalent protection from the CNS disorder triggered by tsG31-KS5 VSV. Reconstitution with 5 × 10 6 T lymphocytes, therefore, protected nude mice from the neurological disease induced by the persistent virus without eliciting a robust humoral antibody response. Infectious, temperature-sensitive VSV was retrieved from the CNS of the nude mice that had been reconstituted with 5 x 106 T lymphocytes and infected for up to 30 days with tsG31-KS5 VSV. The CNS-isolated VSV was less temperaturesensitive than tsG31-KS5 VSV. When the CNS-isolated VSV was intracerebrally inoculated into Swiss outbred mice, an aggressive disease ensued with most of the mice developing a CNS disorder. In comparison, Swiss outbred mice were asymptomatically infected with tsG31-KS5 VSV. The VSV isolated from the CNS was more lethal to the mice than tsG31-KS5 VSV possibly because it was less temperature-sensitive.
INTRODUCTION
The central nervous system (CNS) of humans and other animals can harbour many viruses, and after persisting for extended periods of time the viruses can trigger diseases (Johnson, 1984 (Johnson, , 1986 . It is generally not understood how viruses continually elude the immune defences of the hosts or why they induce diseases after persisting asymptomatically for extensive periods of time. Since the CNS is protected from numerous immunological components by the blood-brain barrier, it may be a haven for persisting viruses (Darling et al., 1981) . However, immune mechanisms must function to protect the CNS from lethal invasions by infectious agents, since alteration of the immune system can lead to neurological diseases induced by viruses, e.g. multifocal leukoencephalopathy (Padgett et al., 1971) and acquired immune deficiency syndrome (AIDS) (Johnson & McArthur, 1986) .
To evaluate the importance of T cell-dependent mechanisms in persistent viral infections of the CNS, nude mice are frequently used as hosts since they are deficient in thymus development, thus lacking differentiated T cells (Kindred, 1981) . All T cell-dependent functions can be restored in nude mice by intravenous injection of mature H-2-compatible T cells, and the degree of reconstitution is proportional to the number of T cells injected (Etlinger & Chiller, 1977) . Immune responses that are not T cell-dependent are functional in nude mice. Natural killer (NK) cells are more abundant in the spleens of BALB/c nude mice than in BALB/c (+ / +) mice (Herberman et al., 1975) , and macrophages appear relatively normal in nude mice and can be activated without the presence of T cells (Cheers & Waller, 1975) .
The incomplete immune systems of nude mice do not defend them from persistent vesicular stomatitis virus (VSV) infection of the CNS. A temperature-sensitive mutant of VSV, tsG31-KS5 VSV, asymptomatically persists in the CNS of Swiss outbred and BALB/c (+/+) mice . In contrast, BALB/c nude mice infected with tsG31-KS5 VSV all experience a slowly progressing CNS disorder that kills the animals within 26 days of infection (Doll & Johnson, 1988) . Infection of normal or nude mice with wild-type (wt) VSV rapidly kills all animals after a few days (Rabinowitz et al., 1976) . Normal mice inoculated with tsG31-KS5 VSV have strong neutralizing antibody responses after 4 days of infection (Hughes et al., 1985) .
In this study we determined whether reconstitution of nude mice with syngeneic T lymphocytes afforded them protection against the persistent tsG31-KS5 VSV infection of the CNS. The humoral responses against VSV of the reconstituted nude mice were evaluated. Infectious VSV was recovered from the CNS of reconstituted mice that had been infected for long periods of time with tsG31-KS5 VSV. The recovered viruses were characterized with regard to their temperature-sensitive replication and the nature of the clinical disease they produced in Swiss outbred mice.
METHODS

Animals.
Swiss outbred mice were purchased from Charles River Breeding Laboratories (Wilmington, Mass., U.S.A.). BALB/c (+/+) and BALB/c nude (nu/nu) mice were purchased from Harlan Sprague Dawley (Indianapolis, Ind., U.S.A.). Mice (3 to 4 weeks old) of each sex were used, but the BALB/c nude mice used were all male. All mice had free access to food and water. The nude mice were kept in an animal Stay-Clean unit from Lab Products (Maywood, N.J., U.S.A.) throughout the experiments, and were provided with sterile food and water.
Cell culture lines. BHK-21 cells (American Type Culture Collection) were grown to confluence in Dulbecco's modified Eagle's medium (DMEM) (Flow Laboratories) containing 10 % calf serum (Hazelton Research Products, Lenexa, Kan., U.S.A.) and supplemented as described previously at 37 °C in a humidified atmosphere of 5% CO2, 95% air.
Viruses. The Indiana strain of wt VSV was obtained from the American Type Culture Collection, and tsG31 (complementation group III) VSV was generously provided by M. E. Reichmann (University of Illinois, Urbana, II1., U.S.A.). This mutant has previously been described (Pringle, 1970; Reichmann et aL, 1971) . The tsG31-KS5 VSV was a double-cloned isolate, plaque-purified from tsG31 VSV. All viruses were double-cloned and purified on sucrose gradients, and stocks were prepared as described previously (Rabinowitz et al., 1976) .
Inoculation of mice with virus. Infection of mice with the viruses has been described previously (Rabinowitz et al., 1976) . Briefly, either 5 x 102 p.f.u, of wt VSV or 5 x 104 p.f.u, of tsG31-KS5 VSV per 30 Ixl of Hanks' balanced salt solution (HBSS) was injected intracerebrally into mice that had been lightly anaesthetized with ether (Sigma). Neutralizing antibody. Twofold dilutions of heat-inactivated (56 °C for 10 rain) serum were incubated with 100 p.f.u, of tsG31-KS5 VSV at 25 °C for 15 min. Each mixture was assayed for plaque formation on BHK-21 cells as described previously (Rabinowitz et al., 1976) . Neutralizing antibody was considered to be present if there was a 50% reduction in p.f.u, compared to the diluent alone. Normal mouse serum did not demonstrate neutralizing antibody activity against VSV.
Radioiodination of antibody. The antibody was radioiodinated by the chloramine-T method of Greenwood et al. (1963) with the modifications described by Sharifi et al. (1986 Solid phase radioimmunoassays. Solid phase radioimmunoassays (SPRIA) were performed as described previously (Sharifi et al., 1986) , with the following modifications. The wells of 96-well microtitre plates were coated with tsG31-KS5 VSV [20 p.g/ml in phosphate-buffered saline (PBS)] at 4 °C overnight. After washing of the wells with washing buffer (0-2~ Tween 20 in PBS), non-specific sites were blocked with blocking buffer (5 mg ovalbumin/ml of PBS) at 25 °C for 4 h. The wells were again washed with washing buffer, then the serum was diluted in PBS, added to the wells and incubated at 4 °C overnight. After washing of the wells, radiolabelled goat anti-mouse antibody (50000 c.p.m, diluted in blocking buffer) was added to the wells and incubated at 4 °C overnight. The wells were washed with washing buffer and the amount of bound radiolabelled antibody was measured by gamma counting. Sera from mice not infected with VSV were used as controls.
Isolation and injection ofTlymphocytes. Splenocytes from BALB/c (+ / + ) mice were enriched for T lymphocytes by nylon wool separation as described previously (Julius et al., 1973) . Briefly, the spleens from 2-to 6-month old BALB/c (+]+) mice were removed by sterile dissection and gently pressed against a fine stainless steel screen (Bellco Glass, Vineland, N.J., U.S.A.) submerged in HBSS. Single-cell suspensions were made by drawing the cells through a 5 ml pipette. The cell suspensions were centrifuged (250g for 3 min), then resuspended in cold Trisbuffered isotonic ammonium chloride to lyse erythrocytes. After a 10 min incubation at 0 °C, the cells were washed three times with HBSS. The splenocytes were resuspended in DMEM supplemented with 10~ foetal calf serum (DMEM/FCS) and incubated on a nylon wool column for 1 h at 37 °C. The T lymphocytes were collected from the column in DMEM/FCS. After one washing, the T lymphocytes were resuspended in HBSS and portions (in 100 I.tl) were intravenously injected into the tails of mice with a 30-gauge needle. We have determined the proportion of splenic lymphocytes isolated by this method that are lysed by anti-Thy 1.1 antibody and complement, and have found that at least 95~ are T lymphocytes.
Recovery of VSVfrom infected mice. Mice were sacrificed, and their brains, spleens and livers were removed by sterile dissection. Each organ was homogenized in 1.0 ml of HBSS at 0 °C. The homogenate was serially diluted in HBSS and plaque-assayed on BHK-21 cell monolayers incubated at 31 °C, a permissive temperature for tsG31-KS5 VSV replication.
RESULTS
BALB/c nude mice inoculated with tsG31-KS5 VSV all expired within 26 days of infection ( Fig. 1) . Before death, all the virus-infected nude mice suffered a severe CNS disorder with symptoms including lethargy, loss of appetite, wasting, curvature of the spine and hind-limb paralysis. Nude mice that had been mock-infected with HBSS alone did not experience any symptoms of the CNS disease and remained healthy for at least 60 days.
Since tsG31-KS5 VSV persistently infected BALB/c (+/+) mice asymptomatically, reconstitution of nude mice with syngeneic T cells should protect them from the CNS disease. One day after an intravenous injection of 5 x 106 T lymphocytes, nude mice were inoculated with tsG31-KS5 VSV. They were protected from the CNS disease induced by tsG31-KS5 VSV, with 70~ surviving the infection (Fig. 1 ). Those T lymphocyte-reconstituted nude mice which survived the tsG31-KS5 VSV infection for 30 days remained healthy for at least 60 days.
To determine whether the immune systems of the nude mice had been completely restored with 5 × 106 T lymphocytes, reconstituted nude mice that had been infected for 20 days with tsG 31-KS5 VSV were challenged with wt VSV. In BALB/c (+/+) mice, wt VSV infection was fatal to all mice within 4 days of infection. However, wt VSV was not lethal to any BALB/c ( + / + ) mice that had been infected with tsG31-KS5 VSV for 20 days before the challenge (Table  1) . Analogous to the situation with normal mice, all T lymphocyte-reconstituted nude mice inoculated with wt VSV died within 4 days of infection. When T lymphocyte-reconstituted nude mice that had been infected for 20 days with tsG31-KS5 VSV were inoculated with wt VSV, only 20~ survived the challenge (Table 1) . Injection of 5 x 106 T lymphocytes into nude mice protected them from the temperature-sensitive VSV-induced CNS disease, but their immune functions were not completely restored, since the majority did not survive the wt VSV challenge.
Since 80~ of the tsG31-KS5 VSV persistently infected nude mice that had received T lymphocytes did not survive a wt VSV challenge, a humoral response may not have been elicited against the VSV. To determine whether nude mice reconstituted with 5 x 106 T lymphocytes had neutralizing antibody, one day after injection of T lymphocytes the mice were infected with tsG31-KS5 VSV and at different times during infection their sera was titrated for neutralizing antibody by plaque reduction assays. Five days after infection, immune responses were detected in eight out of 10 such mice ( equal to that of BALB/c (+/+) mice. A late humoral response was elicited in some of the nude mice reconstituted with 5 x 106 T lymphocytes, although only 30~o of the nude mice infected for 20 or 30 days had antibody responses comparable to BALB/c (+ / +) mice. This correlates with the fact that only 20~ of the T lymphocyte-reconstituted nude mice infected for 20 days with tsG31-KS5 VSV survived the wt VSV challenge (Table 1) . Only four of 10 tsG31-KS5 VSVinfected nude mice that did not receive T lymphocytes had detectable neutralizing antibody in their sera, and none had a late humoral response against the virus (Table 2) . When nude mice were injected with 5 x 107 T lymphocytes, 70~ survived a tsG31-KS5 VSV infection, which is similar to the results obtained when nude mice were reconstituted with 5 x 106 T lymphocytes (data not shown). Nude mice receiving 5 x 107 T lymphocytes had vigorous neutralizing antibody responses against tsG31-KS5 VSV ( Table 2 ). The high titres of neutralizing antibody were not required for protection from the CNS disease, since most of the nude mice reconstituted with 5 × 106 T lymphocytes and infected for 30 days did not have a vigorous late humoral antibody response, yet survived the tsG31-KS5 VSV infection as well as nude mice reconstituted with 5 x 107 T lymphocytes. When sera from nude mice, both those receiving T lymphocytes and those not reconstituted, were tested for antibody that reacted with tsG31-KS5 VSV in SPRIA, all proved positive (data not shown). A correlation existed between the quantity of neutralizing antibody and the total amount of antibody that bound VSV. Antibody detected by SPRIA could have been either nonneutralizing or neutralizing but not detected by the plaque reduction assays.
After 5 days of infection with tsG31-KS5 VSV, infectious VSV was difficult to isolate from the brains of persistently infected BALB/c (+ / +) mice (Table 3) . However, infectious VSV was * Nude mice were reconstituted with T lymphocytes (5 x 106 or 5 × 10 7) and 1 day later infected with tsG31-KS5 VSV, or inoculated with virus only.
l" Neutralizing antibody against VSV was determined by plaque reduction assays. ~: Numbers in parentheses are numbers of mice with the particular neutralization titre. readily isolated from nude mice reconstituted with 5 x 106 T lymphocytes 1 day before infection, or from nude mice inoculated only with the virus. In nude mice reconstituted with 5 x 106 T lymphocytes and infected for 20 or 30 days, VSV was retrieved only from the CNS of animals that had relatively minor amount of antibody or no neutralizing antibody. The strong 50 60 3 x 10 -2 BP4B 0 30 1 x 10 -1 * The brain-isolated VSV was double-cloned by plaque purification. t" The clones were inoculated into groups of 10 Swiss outbred mice and the percentage survival was determined after 20 days of infection.
:~ The temperature sensitivity of the VSV was determined by comparing plaque assays done at 39 °C and 31 °C.
neutralizing antibody responses in BALB/c (+/+) mice and in nude mice reconstituted with 5 × 107 T lymphocytes made recovery of infectious VSV difficult. All of the virus isolated from any of the mice was neutralized by antibody against wt VSV. Infectious VSV was not isolated from the spleens, livers or sera of any of the mice listed in Table 3 , except for the spleens of two nude mice that had not received T lymphocytes and had been infected for 5 days. Less than 1 x 103 p.f.u, of infectious VSV per spleen were found. The persistent infection, therefore, largely appeared to be limited to the CNS and not to be systemic.
Since infectious VSV was readily isolated from nude mice that had been reconstituted with 5 x 106 T lymphocytes and inoculated with virus 1 day later, VSV persisting in the CNS for 20 days was characterized. The brains were removed and virus clones were isolated and plaquepurified. To determine whether the clones could persist asymptomatically in normal mice, the CNS-derived cloned viruses were inoculated into Swiss outbred mice. The results for eight clones from the brains of four different mice (BP1A and BP1B were from the same mouse, as were BP2A and BP2B etc.) are shown in Table 4 . In normal mice all the clones produced more aggressive diseases than tsG31-KS5. The disease produced by the brain-isolated VSV, however, was not like wt VSV infection. Within 4 days of infection wt VSV had killed all the mice, whereas the brain-isolated clones produced a slowly progressing, degenerative disease that generally did not kill the mice for at least 10 days. The brain-isolated virus was also less temperature-sensitive than tsG31-KS5 VSV ( Table 4) .
Selection of CNS isolates that caused more aggressive diseases and were less temperaturesensitive might have occurred when the VSV was cloned; thus, the CNS clones may not have been representative of most of the viruses in the brain pool. To test this possibility Swiss outbred mice were inoculated with the virus of four brain pools from which the cloned viruses had been derived. Similarly to the CNS-cloned isolates, the total brain pools also produced more aggressive diseases than the original tsG31-KS5 VSV (Fig. 2) .
DISCUSSION
Nude mice have been used as hosts in many virus model systems, since the role of T cells in the animals' defence against the infection can be evaluated. Infection of nude mice with tsG31-KS5 VSV induced a progressively degenerative CNS disease that was lethal to all the animals within 26 days of infection (Fig. 1) . In contrast, tsG31-KS5 VSV inoculated into normal mice, either BALB/c (+/+) or Swiss outbred, produced an asymptomatic, persistent infection (Hughes et al., 1985 ; . Similar to temperature-sensitive VSV, adenovirus (Hashimoto & Umehara, 1977) and rabies virus (Kaplan et al., 1975) persisted in nude mice and caused slowly progressing diseases which were lethal to the animals. Other viruses, however, were less aggressive in nude mice than in normal mice. For example, herpes simplex virus was more IP: 54.70.40.11
On: Sat, 05 Jan 2019 14:21:49 deleterious to normal mice than to nude mice (Zawatzky et al.,1979) ; although Junin virus persisted and replicated in the CNS of nude mice, it did not cause any apparent clinical disease (Weissenbacher et al., 1986) . Since some viruses do persist in the animals without inducing disease, the incomplete immune systems of the nude mice must be able to protect the animals from diseases produced by the viruses. VandePol & Holland (1986) demonstrated that BHK cells persistently infected with wt VSV and injected into nude mice were cleared from the animals by NK cell activity. Although such activity may have cleared the VSV from other organs in nude mice, it was not effective in clearing the tsG31-KS5 VSV from the CNS of the nude mice.
Since nude mice survived the infection and remained disease-free when they were reconstituted with syngeneic T lymphocytes (Fig. 1) it was demonstrated that a T cell-dependent immune response was required to protect mice from the tsG31-KS5 VSV infection. When nude mice were reconstituted with T lymphocytes and infected with Semliki Forest virus, the virus was cleared from the animals' CNS, but a demyelinating disease similar to multiple sclerosis developed (Fazakerley & Webb, 1987) . The T lymphocytes specific for the virus were proposed to cause the demyelination by cross-reacting with brains proteins. In tsG31-KS5 VSV infection, the T lymphocytes did not induce a CNS disease, even in mice reconstituted with 5 x 107 T lymphocytes, although these animals had vigorous humoral responses.
Previously, tsG31 VSV, a more virulent temperature-sensitive mutant than tsG31-KS5 VSV, was shown to cause spongiform changes in the CNS of persistently infected normal mice . The tsG31 VSV produced a degenerative CNS disease that was lethal to most of the animals 10 days after infection (Rabinowitz et al., 1976) . In cell culture at non-permissive temperatures for viral replication, tsG31 VSV was shown to fuse neuroblastoma cells but not fibroblasts; thus, in vivo the virus may mediate status spongiosus by fusing cells (Hughes et al., 1979) . Studies to determine whether tsG31-KS5 VSV induces status spongiosus in normal and/or nude mice will help to determine whether this condition is a requisite for the CNS disease. Histopathological evaluation of nude mice reconstituted with T lymphocytes and persistently infected with tsG31-KS5 VSV, and of nude mice only infected with the VSV, will show whether T lymphocytes can protect the animals from the spongiform changes and other neurological lesions that may cause the neurological disease. Other diseases that persist in the CNS may induce similar pathology in immune-compromised hosts. Multinucleated cells, for example, have been found in the CNS of patients with AIDS who also have a deficiency of T helper cells (Koenig et al., 1986) .
How the injected T lymphocytes protected the nude mice is not clear. The vigorous humoral response elicited in nude mice reconstituted with 5 × l07 T lymphocytes did not appear to be important in protection from the CNS disease induced by the persistent infection, since many nude mice reconstituted with 5 x 106 T lymphocytes did not have a detectable humoral response after 10 days, yet the animals remained healthy. It is plausible that nude mice reconstituted with 5 x 107 T lymphocytes had both primary and secondary humoral responses against the tsG31-KS5 VSV, whereas most of the nude mice receiving 5 × 106 T lymphocytes probably only had primary immune responses against the VSV. The injected T lymphocytes were probably not directly responsible for protection of the nude mice from the CNS disease. Progenitor T cells from nude mice have been shown to differentiate and become activated in the presence of mature, H-2-compatible T cells (Lipsick et al., 1982) . The T cell-dependent mechanism that protected the nude mice from the CNS disease was not the same immune response that cleared the virus from other organs of the animals. Since VSV was not consistently found outside the CNS in nude mice not reconstituted with T lymphocytes, an immune mechanism that cleared the virus from organs other than the CNS, possibly NK cell activity, must have been functioning in these mice. Other viruses have been shown to persist in the CNS after being cleared from the rest of the animal. In normal mice infected with lymphocytic choriomeningitis virus, adoptive transfer of specific cytotoxic T cells cleared the virus from the animals except for their CNS, which remained persistently infected (Oldstone et al., 1986) . A T cell product, such as an interferon or a lymphokine, which could cross the blood-brain barrier more easily than cells, may be responsible for the protection from the CNS disease of nude mice reconstituted with T lymphocytes.
Injection of T lymphocytes did not clear the persisting VSV from the CNS of the nude mice; it only protected the animals from the CNS disorder. In fact, the nude mice receiving 5 x 106 T lymphocytes did not have significantly less virus in their CNS than nude mice infected with VSV and not receiving T lymphocytes. Since the direct cause of the CNS disorder is not known, it is difficult to speculate how the T lymphocytes protected the nude mice. However, an immune factor may have acted directly on the cells involved in the CNS lesion and protected them from the neuropathy without impeding viral replication. Alternatively, the animals that were not reconstituted with T lymphocytes may have had more virus proteins in their CNS than did nude mice receiving T lymphocytes, but the proteins did not form infectious viral praticles.
The viruses that persisted in the CNS of the T lymphocyte-reconstituted nude mice were less temperature-sensitive and caused a more aggressive disease when inoculated into normal mice than did tsG31-KS5 VSV. This phenotype may be necessary for the VSV to persist in the CNS of the host. The T lymphocytes injected into nude mice may alter the biochemical nature of the VSV, thus inhibiting the virus's ability to induce the CNS disease. Since infectious VSV can be readily isolated from the nude mice reconstituted with 5 x 106 T lymphocytes, the biochemical nature of the long term persistent viruses can be evaluated and compared to VSV isolated from nude mice that have not been reconstituted.
